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Summary
Metabolite gradients might guide mitochondrial localization
in cells and angiogenesis in tissues [1, 2]. It is unclear
whether they can exist in single cells, because the length
scale of most cells is small compared to the expected diffu-
sion times of metabolites. For investigation of metabolic
gradients, we need experimental systems in which spatial
patterns of metabolism can be systematically measured
and manipulated. We used concentrated cytoplasmic
extracts from Xenopus eggs [3] as a model cytoplasm, and
visualized metabolic gradients formed in response to spatial
stimuli. Restriction of oxygen supply to the edge of a drop
mimicked distance to the surface of a single cell, or distance
from a blood vessel in tissue. We imaged a step-like increase
of Nicotinamide adenine dinucleotide (NAD) reduction
w600 mm distant from the oxygen source. This oxic-anoxic
switch was preceded on the oxic side by a gradual rise of mito-
chondrial transmembrane potential (Dc) and reactive oxygen
species (ROS) production, extending over w600 mm and
w300 mm, respectively. Addition of Adenosine triphosphate
(ATP)-consuming beads mimicked local energy sinks in the
cell. We imaged Dc gradients with a decay length of w50–
300 mm around these beads, in the first visualization of an en-
ergy demand signaling gradient. Our study demonstrates that
mitochondria can pattern the cytoplasm over length scales
that are suited to convey morphogenetic information in large
cells and tissues and provides a versatile model system for
probing of the formation and function of metabolic gradients.
Results and Discussion
Xenopus laevis egg extracts have interesting potential for anal-
ysis of metabolic patterns. This nearly undiluted model cyto-
plasm contains a large number of evenly distributed mitochon-
dria and glycogen granules. These extracts recapitulate the
cell cycle, form spindles that divide chromosomes, and can
even undergo apoptosis. Their suitability for perturbation,
fractionation, and imaging has facilitated systematic investi-
gation of cytoplasmic organizational mechanisms [3]. The
metabolic activity of Xenopus egg extract was not quantified
previously. We determined a concentration of w3.4 mM for
Adenosine triphosphate (ATP) andw0.1 mM for Adenosine di-
phosphate (ADP) via MonoQ liquid chromatography for mitotic
extract exposed to air at room temperature. Similar values
were previously reported for intact eggs/oocytes [4]. Extracts
made anoxic by the replacement of air with pure N2 exhibited
w33 increased [ADP] but no significant change in [ATP] (data
*Correspondence: philipp_niethammer@hms.harvard.edunot shown). Thin-layer chromatography of 32P pulse-labeled
extracts showed that 32P was incorporated into ATP after
w3 min (Figure 1A). From these data, we estimated an ATP
production/consumption rate of w0.02 mmol l21 s21, similar
to that of resting muscle [5]. Within experimental error, which
is limited by slow mixing times in the viscous extract, ATP turn-
over rates were largely oxygenation-state and respiration
independent.
To spatially restrict oxygen supply, we squeezed a 4 ml drop
of extract between a glass slide and a coverslip, leaving the
edge of the drop exposed to air (Figure S1A). Endogenous
UV-excited fluorescence served as a noninvasive measure of
metabolic state. Cytoplasmic, UV-excited autofluorescence
mostly derives from mitochondrial reduced nicotinamide ade-
nine dinucleotide (NADH), with minor contributions (w10%)
from cytoplasmic reduced nicotinamide adenine dinucleotide
phosphate (NADPH) [6]. A bright zone of UV autofluorescence
developed in the center of the drop over 1–4 min and quickly
expanded outwards (Movie S1). Dark zone width (DZW)
reached steady state at w300–900 mm. DZW then remained
stable for at least two hours (Figure 1B). As expected, the
UV-excited signal derived mostly from mitochondria
(Figure 1C). We calibrated the UV signals measured in the
egg extract with pure NADH standards and estimated concen-
trations of w0.2 mM NADH in the dark zone andw0.4 mM in
the bright zone (Figures S1B and S1C). A similar, step-like pat-
tern of UV fluorescence was observed when mitochondria iso-
lated from the egg extract were suspended in buffer in the
presence of respiratory substrates (Figure 1D). NADH fluores-
cence intensity and DZW depended on mitochondrial concen-
tration (Figure S2A). Dense suspensions of living HeLaS3 cells
also exhibited a step-like transition of UV autofluorescence in
the drop experiment (Figure 1E). This mimics classic observa-
tions [7], in which a step-like increase in UV autofluorescence
revealed tissue regions that became anoxic following experi-
mental ischemia. DZW length scale (w300–900 mm) is approx-
imately consistent with previously measured in vivo oxygen
decay lengths in solid tumor tissue (w200–300 mm [8]) and
the distance between open capillaries in resting frog muscle
(w200–500 mm [9]).
To determine the origin of the NADH patterns, we measured
their response to metabolic perturbations. Increase of ATP
consumption via addition of an unregulated ATPase (apyrase)
to the extract resulted in a DZW decrease (Figure 2A). Mito-
chondrial uncoupling with P-fluoromethoxyphenylhydrazone
(FCCP) had a similar effect (Figure 2B). Both treatments in-
crease respiration by decreasing Dc [10]. Partial inhibition of
complex I by rotenone increased DZW and its baseline inten-
sity, whereas partial inhibition of complex IV inhibition by cya-
nide decreased the slope of zone transition (Figures 2C and
2D). Both inhibitors caused loss of the dark zone at high con-
centrations, presumably by blocking NADH oxidation. DZW in-
creased as a function of ambient oxygen partial pressure in the
absence or presence of FCCP (Figure 2E). With FCCP, DZW
could be measured over the whole range of oxygen partial
pressures, providing a sufficient data set for determination of
the shape of the curve. A one-dimensional reaction-diffusion
model assuming oxygen independence of respiration rate
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oxygen partial pressureU0 (see Experimental Procedures, avail-
able online). This model fit our data well (Figure 2E, inset) and
qualitatively agreed with the decrease in DZW upon stimulation
of respiration rate as discussed above. An alternative reaction-
diffusion model assuming first-order oxygen kinetics of respira-
tion [11] fit significantly less well (F Test: p = 0.009, data not
shown). Our data are thus more consistent with the widely ac-
ceptednotion that respiration rate inaerobic organisms is insen-
sitive to variations in [O2] down to low concentrations [12], [13].
Our data suggested the following preliminary model for
NADH patterning: Oxygen diffuses inwards from the edge
into the drop and is consumed by respiring mitochondria
that are homogeneously distributed throughout the extract,
generating a spatial gradient of [O2] and metabolic activity.
Respiration rate is constant through the dark zone (Figure 2E,
inset), indicating that cytochrome c oxidase (COX) is saturated
with oxygen. As [O2] approaches the oxygen-Km of COX (< 1mM
[10]), respiration rate starts to fall and [NADH] increases, creat-
ing the bright zone. Anoxia does not reduce the complete cel-
lular NAD(H) pool, because anaerobic ATP production, which
Figure 1. UV Autofluorescence Patterns in
Xenopus laevis Egg Extracts, Suspensions of
Mitochondria and Cells
(A) Autoradiography of thin-layer chromatograms
of egg extracts pulsed for the indicated times
with 32P potassium phosphate at the indicated
drug or gas conditions. Positions of inorganic
phosphate (Pi) and ATP are indicated.
(B) UV autofluorescence pattern in an extract
drop exposed to air at its side.
(C) Higher magnification of bright zone. Costain-
ing with Rhd123 reveals that the UV autofluores-
cence signal mainly derives from mitochondria.
Scale bar represents 10 mm.
(D) UV autofluorescence pattern in a mitochon-
drial suspension. Costaining with MitoTracker-
Green.
(E) UV autofluorescence pattern in a drop of
HelaS3 cell suspension. Inset, magnification of
border region (oxic-anoxic). Inset scale bar rep-
resents 50 mm.
If not otherwise indicated, scale bars represent
500 mm.
requires cytoplasmic NAD, remains effi-
cient (Figure 1A). The observed redox
switch is probably largely restricted to
the mitochondrial NAD(H) subpool.
The model stated above predicted
that in the dark zone, all activities cou-
pled to the respiratory chain upstream
of COX should be insensitive to changes
in oxygen concentration because COX is
saturated with oxygen. Similar to NAD
reduction, these activities should un-
dergo sudden changes around the oxy-
gen-Km of COX. In fact, we observed
a sharp decrease of flavin autofluores-
cence spatially coinciding with the in-
crease in NADH fluorescence (Figure 3A).
The redox state of the flavin prosthetic
groups in complex I (FMN) and complex
II (FAD) depend on respiratory activity.
Unlike NAD(H), flavins fluoresce in the fluorescein isothiocya-
nate (FITC) channel exclusively in their oxidized state [14,
15]. Flavin autofluorescence was completely quenched by ro-
tenone (Figure S2B), indicating that it derived from FMN in
complex I and that electron input from b-oxidation was minor.
Their similar spatial responses suggested close coupling of
NAD and FMN reduction states.
Using JC-1 to image mitochondrial membrane potential (Dc),
we found a gradual rise of Dc in the dark zone overw600 mm,
which reached its maximum just before NADH started its sud-
den increase (Figure S2B). This graded change inDcwas nota-
bly different from the step-like change in [NADH] visualized in
the same extract. Constant, highDcwas observed in the anoxic
region at the center of the drop. As expected, theDc signal was
completely quenched by FCCP (Figure S2C). Electron carrier
(EC) reduction at complexes I, III, and IV of the electron-trans-
port chain (ETC) is coupled to vectorial H+ transport across the
inner mitochondrial membrane. At constant energy demand,
Dc provides an integrated measure of EC reduction level. As
long as COX is saturated with oxygen, Dc cannot convey infor-
mation about changes in oxygen concentration to upstream
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(A) Increasing energy demand with addition of apyrase.
(B) Mitochondrial uncoupling with FCCP.
(C) Complex I inhibition with rotenone. Lower panel, corresponding line profiles.
(D) Complex IV inhibition with potassium cyanide.
(E) Exposure to different ambient oxygen concentrations. Numbers indicate O2 percentage of N2/O2 gas mixture. Left panel, untreated extract. Right panel,
FCCP treated extract. Inset, dark-zone width (xc) plotted as a function of oxygen concentration and fitted with a square-root function. Partial-differential
equation (PDE) describing the corresponding one-dimensional reaction-diffusion model assuming 0th order oxygen kinetics for respiration.
Scale bars represent 500 mm.ETC reactions. Hence, the observed Dc increase disagreed
with our previous assumption that the dark zone was created
exclusively by oxygen saturation of COX.
ETC electron flux can be diverted to oxygen at sites up-
stream of COX, producing reactive oxygen species (ROS).
We used 20-70 dichlorofluorescein diacetate (DCFDA) to image
ROS and observed a gradual increase of ROS production rate
in the dark zone, preceding the oxic-anoxic switch in [NADH]
(Figure 3B). Unlike the Dc gradient, the ROS gradient decayed
more steeply toward the oxygen source, with a spatial scale
of w300 mm. Preferential production of ROS under hypoxicconditions ([O2] w1–20 mM) has been observed previously in
cells and tissues [16], and our data strongly confirms this view.
Similar to the NADH patterns, the Dc and ROS patterns were
not dependent on cytoplasmic reactions and could be recon-
stituted in pure mitochondria (Figure 3, left panels). Their more
graded responses conflict with our previous assumption that
NADH patterning might result from oxygen saturation of
COX, with all mitochondrial activities switching together as
[O2] falls below the Km. These data rather suggest a model in
which reduction of ETC electron carriers gradually increases
as [O2] decreases. As expected, increasingly reduced electron
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in this model, would NADH and flavin pools undergo switch-
like responses to decreasing oxygen? One explanation might
be that downstream EC substrate pools, such as ubiquinone
and cytochrome c, cause kinetic buffering of upstream NAD
and flavin reduction levels against changes in oxygen
Figure 3. Imaging of Mitochondrial Activities
(A) Simultaneous imaging of NADH and flavin
autofluorescence in egg extracts (left panel) and
mitochondrial suspensions (right panel).
(B) Simultaneous imaging of NADH and mito-
chondrial membrane potential via JC-1. Mito-
chondrial potential is represented as ETRITC/EFITC
emission ratio of the JC-1 sensor. High
ETRITC/EFITC ratios (bright colors) indicate high mi-
tochondrial membrane potential. Left panel, egg
extract. Right panel, mitochondrial suspension.
(C) Reactive oxygen species (ROS) measured as
DCF emission (EDCF) in egg extracts (left panel)
and mitochondrial suspension (right panel).
Bright colors indicate high concentration of
DCF/ROS. Lower panels, averaged line plots.
Scale bars represent 500 mm.
concentration. Only after the kinetic buff-
ering capacity of the system is ex-
hausted will respiration cease, resulting
in the observed switch-like increase of
NADH reduction. The kinetic require-
ments for such a buffering mechanism
will be discussed in more detail else-
where (manuscript in preparation).
[O2] gradients were observed under
various physiological and pathological
conditions in animal tissues [8, 17, 18].
We hypothesize that they generate spa-
tial patterns of NADH, Dc, and ROS simi-
lar to those we observed in extract. The
gradual change of ETC reduction, mea-
sured as Dc, might compensate for the
effect of decreasing [O2] on COX rate, al-
lowing aerobic ATP production rate to re-
main relatively independent of [O2]. The
same gradual increase in ETC reduction
appears to cause a gradual increase in
mitochondrial ROS (mROS) production
[19] up the point where [O2] drops below
some critical value. mROS have been
shown to stabilize HIF-1 against proteo-
lytic degradation [2, 20], triggering tran-
scriptional programs that drive angio-
genesis and proliferation. Thew300 mm
length scale and gradual nature of the
mROS gradient seem well suited to con-
vey positional information about local
oxygen demand to nearby blood vessels
[9]. The step-like change of [NADH] over
w30mm, in contrast, is less suited to con-
vey positional information and might
serve other functions. For example, the
NADH patterns might spatially regulate
Akt-dependent cell survival [21]. Control
of survival pathways might be most im-
portant in transiently anoxic regions for
temporary protection against cell death, in which case switch-
like signaling is appropriate.
Local sites of high ATP consumption are thought to attract
mitochondria in single cells [1], but such hypothetical energy-
demand signaling gradients have not been visualized. To gen-
erate localized ATP consumption in our system, we covalently
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590Figure 4. Imaging of Energy-Demand Signaling Gradients
(A) Imaging of [NADH] and Dc in mitochondrial suspensions containing beads coupled with apyrase. Mitochondrial potential is represented as ETRITC/EFITC
emission ratio of the JC-1 sensor. Red box indicates averaged line scan presented in right panel.
(B) [NADH] in mitochondrial suspensions with heterogeneously distributed apyrase beads.
(C) Mitochondrial potential on BSA- and apyrase-coated beads in egg extracts. Error bars indicate standard error (n > 10 beads).
(D) Imaging of [NADH] and Dc in egg extracts containing beads coupled with apyrase. Right panel: averaged line scans of image regions indicated by a red
box. Red curve indicates anoxic energy-demand gradient fitted with an EC50 function. Blue curve indicates oxic energy-demand gradient fitted with an EC50
function. Asterisks mark bead positions. Gray shaded region marks bead-cluster position.
Scale bars represent 500 mm.coupled the unregulated ATPase apyrase to small, porous
beads and added them to suspensions of purified mitochon-
dria and egg extract. In mitochondrial suspensions provided
with ATP, inorganic phosphate, and pyruvate, the apyrase
beads induced steady-state gradients of mitochondrial poten-
tial and [NADH]. In particular, a gradual increase ofDcas a func-
tion of bead distance preceded a more switch-like increase in
NAD reduction state (Figure 4A). Furthermore, we noticed
that heterogeneous distribution of apyrase beads in mitochon-
drial suspensions (Figure 4B) or extracts (data not shown) gaverise to more complex geometries of the NADH pattern, indicat-
ing that localized ATP consumption actively molded the shape
of the spatial oxygen field in the drop.
In egg extract, the apyrase beads, but not BSA-coated
beads, induced local decreases of the Dc signal (Figure 4C).
Changes in [NADH] were not observed, probably because
the beads had to compete with rapid ATP hydrolysis by the cy-
toplasm, so the energy demand signaling gradients were less
pronounced than those in pure mitochondria suspensions. Al-
ternatively, ATP demand around the beads might be satisfied
Metabolic Patterning in a Model Cytoplasm
591by glycolysis rather than by respiration. Interestingly, the
zones of reduced Dc around apyrase beads in the extract
were more pronounced in the anoxic than in the oxic zone
(Figure 4C). These zones reported on the presence of energy
demand signaling gradients extendingw300 mm around apy-
rase beads in the anoxic zone and w50 mm in the oxic zone
(Figure 4D). Dc is known to respond to changes in ADP con-
centration. With the previously measured ATP-production rate
in extract, a one-dimensional reaction-diffusion model pre-
dicted a decay length of w20–50 mm for a hypothetical oxic
ADP gradient for a range of literature-derived ADP diffusion
coefficients (1–5 3 102 mm2s21 [22–25]).
To our knowledge, theDc gradients around ATP-consuming
beads are the first direct observation of an energy demand sig-
naling gradient in cytoplasm. Its length scale in oxic, but not in
anoxic, cytoplasm is consistent with a simple ADP reaction-
diffusion scheme. Our observations do not rule out that the
energy demand signaling gradients are created by reaction-
diffusion of ATP or AMP. Previously, it has been found that
[ATP]-dependent enzymatic rates varied at different subcellu-
lar localizations and that mitochondria and glycolytic enzymes
preferentially localized to subcellular regions of high energy
demand [17]. Although these observations are consistent
with the notion of intracellular [ATP] gradients, the latter have
not been directly observed (e.g., by imaging).
Given that most cells are oxic, the decay length of the energy
demand signaling gradients we observed would allow propa-
gation of information on local energy demand over distances
ofw50 mm, a length scale relevant to positioning of mitochon-
dria in large cells such as neurons, eggs, and early blasto-
meres. Dc might regulate mitochondrial position in large cells
indirectly via proteolytic degradation of the mitochondrial fu-
sion factor OPA-1 [26] or, more directly, by modulating the ac-
tivity of molecular motors. The observedw50 mm length scale
suggests that diffusion of ADP, relative to the time scale of me-
tabolism, is fast enough to approximately equalize its concen-
tration throughout the cytoplasm of smaller cells, even in the
face of strong local energy demand.
In this study, we reconstituted step-like NADH patterns previ-
ously observed in tissues in response to spatial restriction of ox-
ygen supply [7]. We report, for the first time, length scale and
shape of Dc and ROS patterns generated by spatial restriction
of oxygen supply. The gradual nature of latter gradients makes
them good candidates for patterning tissue morphogenesis
(Figure S3). By contrast, the step-like NADH gradient is more
suited to control life-or-death decision making following ische-
mia. By adding local ATP sinks, we observed, for the first time to
our knowledge, energy demand signaling gradients in cyto-
plasm as spatial changes in Dc. Their length scales appear too
large for the conveying ofpositional information to mitochondria
in typical cells, though they could play such a role in large cells.
Metabolic gradients, created by reaction-diffusion, might be an
underappreciated player in morphogenesis more generally.
Supplemental Data
Experimental procedures, three figures, and one movie are available with
this paper online at http://www.current-biology.com/cgi/content/full/18/8/
586/DC1/.
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